
Abstract Estimation of the number of hematopoietic stem
cells capable of causing chronic myeloid leukemia (CML)
is relevant to the development of biologically based risk
models of radiation-induced CML. Through a comparison
of the age structure of CML incidence data from the Sur-
veillance, Epidemiology, and End Results (SEER) Pro-
gram and the age structure of chromosomal translocations
found in healthy subjects, the number of CML target stem
cells is estimated for individuals above 20 years of age.
The estimation involves three steps. First, CML incidence
among adults is fit to an exponentially increasing function
of age. Next, assuming a relatively short waiting time dis-
tribution between BCR-ABL induction and the appearance
of CML, an exponential age function with rate constants
fixed to the values found for CML is fitted to the transloca-
tion data. Finally, assuming that translocations are equally
likely to occur between any two points in the genome, the
parameter estimates found in the first two steps are used to
estimate the number of target stem cells for CML. The
population-averaged estimates of this number are found to
be 1.86×108 for men and 1.21×108 for women; the 95%
confidence intervals of these estimates are (1.34×108,
2.50×108) and (0.84×108, 1.83×108), respectively.
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Introduction

Estimates of cancer risks following low-dose exposures
to ionizing radiation are important for public health.
Since risk estimates can be formed as low-dose extrapo-
lations of cancer risk models, the models themselves are
also important. In biologically based cancer risk models,
it is often assumed that there are N target stem cells ca-
pable of causing a particular cancer, and that the cancer
risk per person is proportional to N [1]. The problem of
risk prediction can then be decomposed into a problem
of estimating N, and a problem of estimating the shape
of the dose-response curve (see Eq. (11) below). The
scope of this paper is restricted to the estimation of N
primarily for chronic myeloid leukemia (CML); in the
Discussion section we also present tentative estimates of
N for acute promyelocytic leukemia (APL).

Materials and methods

Study groups

Age-specific CML incidence rates were derived from the
files lymyleuk.txt and reg_7395.txt provided by the Sur-
veillance, Epidemiology, and End Results (SEER) Pro-
gram [2]. These files are composed of cancer registry data
from five states (Connecticut, Hawaii, Iowa, New Mexico
and Utah) and four cities (San Francisco-Oakland, Detroit,
Seattle and Atlanta) for each year between 1973 and 1995.
A total of 7894 cases of CML coded as 205.1 by the ICD-
9 international code for diseases was extracted from the
file lymyleuk.txt. The cases were then pooled into 5-year
age groups for each sex, independent of race or SEER re-
gion. From the population file reg_7395.txt, the number of
person-years at risk within each age group and sex was
determined. The resulting data are summarized in Table1.

Chromosomal translocations were measured in 94
healthy subjects by the Lawrence Livermore National
Laboratory (LLNL). Of these, 91 subjects had been de-
scribed in a previous study [3], while 3 were new. From
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the total of 94 subjects, 16 cord bloods (age 0) and one
female teenager were excluded from the current study,
leaving a total of 77 subjects; they were excluded be-
cause our objective is the estimation of hematopoietic
stem cells in adults and “adults” are defined here as aged
greater than 19 years. Translocations were measured us-
ing fluorescence in situ hybridization (FISH). Chromo-
somes 1, 2, and 4 were painted and scored in, on aver-
age, about 3200 metaphases per subject, yielding a G-
banding equivalent of about 1100 cells per subject. Com-
plete exchange translocations were counted as two trans-
locations, and incomplete exchanges were scored as sin-
gle translocations. A detailed questionnaire was used to

exclude any subjects who may have had excessive expo-
sure, as in the treatment of previous cancers, i.e. all sub-
jects can be considered healthy. For further details see
Ramsey et al. [3]. A plot of the age structure of translo-
cations per cell equivalent is given in Fig. 1.

Statistical methods

Parameter estimation was performed using quasi-likeli-
hood methods for the translocation data and standard
Poisson regression for the CML data. Quasi-likelihood
parameter estimation, a generalization of maximum like-
lihood methods, does not require full specification of the
distribution [4, 5]. Instead, quasi-likelihood estimation
requires only that the variance-mean relationship be
specified to within a constant scale factor φ. When the
variance-mean relationship is linear with an arbitrary
slope φ, the quasi-likelihood method reduces to Poisson
regression with a free scale factor (if φ=1 we have a
standard Poisson regression). We now examine the vari-
ance-mean relationships for the two data sets at hand.

For the CML incidence data, the variance-mean rela-
tionship appears to be linear with a scale factor φ=1 (Fig. 2),
i.e. consistent with Poisson-distributed cases. This was de-
termined as follows. Since no CML incidence trends were
detected across the 23 calendar years between 1973 and
1995 (not shown), the variance of the number of CML
cases for the jth age group was calculated as

(1)

where Oji is the observed number of CML cases in the
jth age group and ith calendar year and Eji, the expected
number of cases, is found as
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Table 1 Summary of the chronic myeloid leukemia (CML) inci-
dence data from the Surveillance, epidemiology, and end results
program (SEER)

Age Men Women
group

n Person-years n Person-years

2.5 35 19,837,662 10 18,947,235
7.5 15 19,552,337 15 18,702,321

12.5 21 20,332,438 19 19,439,770
17.5 50 20,950,665 44 20,260,909
22.5 104 21,741,525 64 21,425,803
27.5 152 22,434,947 71 22,375,565
32.5 201 21,455,235 120 21,705,378
37.5 222 18,733,740 142 19,024,169
42.5 213 16,145,091 158 16,594,890
47.5 226 13,860,745 186 14,287,515
52.5 267 12,421,871 229 13,064,042
57.5 357 11,284,165 241 12,163,709
62.5 443 10,048,208 300 11,229,837
67.5 498 8,358,845 347 10,138,436
72.5 537 6,244,108 390 8,347,505
77.5 506 4,217,783 389 6,481,405
82.5 337 2,412,788 352 4,459,756
87.5 270 1,593,724 363 3,880,853
Total 4,454 251,625,877 3,440 262,529,098

Fig. 1 Translocations per cell equivalent as a function of age
greater than 20 years, men = * and women = °

Fig. 2 The variance of CML cases as a function of their expected
number, men = * and women = °. Note that the variance roughly
equals the mean, i.e. that cases of CML can be assumed to be
Poisson distributed; a unit slope dotted line is included as a refer-
ence
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(2)

is the person-year weighted average incidence for the jth
age group and Nji is the number of person-years in the jth
age group and ith calendar year. The variance Vj, plotted
against the average expected number of cases Ej=λjNj,
where Nji / 23, gives the plot of Fig. 2.

For translocations per person, the variance-mean rela-
tionship appears to be supralinear as shown in Fig. 3.
The variance calculation here was performed in a man-
ner similar to that for cases of CML except that now in-
dividuals replace calendar years, translocations replace
CML cases, and cell equivalents replace person-years at
risk. The individuals were partitioned into 6 decade age
groups between 20 and 80 years of age. Within each age
group, an average rate of translocations per cell was cal-
culated and multiplied by cell equivalents scored per in-
dividual to yield the expected number of translocations
for each individual. The variance of translocations per
person, V(T), was then found for each decade as the sum
of squares of observed minus expected translocations, all
divided by one less than the total number of individuals
for that age group. The cell-weighted average transloca-
tion rate multiplied by the average number of cells
scored per individual was then taken as the mean number
of translocations per person, E(T). A log-log plot of V(T)
versus E(T) is shown in Fig. 3 where each point repre-
sents one decade age group. Note that the slope in this
plot corresponds to the power of the variance-mean rela-
tionship. Applying linear least squares to the trans-
formed coordinates (with males and females pooled)
yields the variance-mean relationship

V(T)=φ E(T)1.4 (3)

which we will use later in the quasi-likelihood estima-
tion of model parameters for the translocation data. In-
terestingly, the same relationship with an exponent of 1.5
was found for mutations in Salmonella [6].

Assumptions

The target cell population size estimates derived below
require several assumptions: (1) the number of CML tar-
get stem cells is constant throughout adult life; (2) the
accumulation of translocations in lymphocytes is repre-
sentative of the accumulation of translocations in CML
target stem cells; (3) the incidence of CML is approxi-
mately rate-limited by the formation of one BCR-ABL
translocation within a single CML target stem cell; and
(4) translocations are equally likely to arise between any
two points in the genome (this subject has recently been
reviewed [7]), or, alternatively, the target DNA in BCR
and ABL has, on average, a translocation probability per
base-pair that approximately equals the average for the
genome.

There is little evidence for or against Assumptions 1
and 2. Regarding Assumption 3, although transgenic
mouse models [8, 9, 10] support the notion that BCR-
ABL causes CML, BCR-ABL transcripts found in heal-
thy adults do not [11]. One can argue that because the
excess CML risk from pelvic radiation therapy vanishes
in 10 to 15 years [12], all events other than BCR-ABL
that are necessary for CML must be common enough to
arise within this time period. In that the BCR-ABL for-
mation rate-limits CML formation.

Results

Parameter estimates

The logarithm of age-specific CML incidence rates plot-
ted vs age (Fig. 4) suggests the following exponential
model for CML incidence rates among adults,

Im = Amekma and     If = Af ekf a, (4)

where a is age in years, km and kf are the aging rate con-
stants for men and women, respectively, and Am and Af
are amplitude parameters. Applying Poisson regression
to this model using the software AMFIT [13] gives the
parameter estimates shown in Table 2 for a≥20. The
units in this table are CML cases per 105 person-years
for A and years–1 for k. Note that confidence intervals for
male and female estimates of A and k are non-overlap-
ping, so males and females were not pooled. The param-
eter estimates for A and k are correlated with correlation
coefficients of –0.963 for men and –0.964 for women, in
complete agreement with the intuitive notion that as the
y intercept of a fit to Fig. 4 is raised, the corresponding
slope of the fit will drop, and vice-versa.

We assume that the waiting time distribution between
BCR-ABL induction and CML formation is relatively
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Fig. 3 The variance-mean relationship for translocations per per-
son within decade age groups, men = * and women = °. The supra-
linear nature of the variance-mean relationship is readily seen as a
slope >1 in this plot



short. In this case the rate of translocation formation
should have approximately the same aging rate constants
as the CML incidence rate. Furthermore, since integrals
of exponentials remain exponentials with the same time
constants, accumulated translocations should follow

Tm=αmeκma and     Tf =αf eκf a (5)

with κm=km and κf=kf. Supporting this, the unconstrained
quasi-likelihood fit shown in Table 3 has 95% confi-
dence intervals for κm and κf that include km and kf. The
constrained quasi-likelihood fit given in Table 4 is
shown to provide a reasonable fit when plotted against
the data in Fig. 5. Units for the parameter values shown
in Tables 3 and 4 are translocations per 100 cell-equiva-
lents scored for α and years–1 for κ and k.

Stem-cell number estimates

To estimate the CML target stem cell population sizes
Nm and Nf, we assume that a translocation is equally like-
ly to arise between any two points in the genome, that
the BCR target size TBCR is 5.8 kbp [14], that the ABL
target size TABL is 300 kbp [14], and that the total human
genome size Γ is 3200 Mb [15]. In this case the condi-
tional probability that a translocated cell has BCR-ABL
is

(6)

In words, this is the probability that one of the misrejoin-
ing DNA double-strand breaks (DSB) lands on the BCR
target, TBCR/Γ, times the probability that the other misre-
joining DSB lands on the ABL target, TABL/Γ. Though
only half of such events make BCR-ABL, the other half
making ABL-BCR, an additional factor of two arises be-
cause the ordering of the two misrejoining DSBs is im-
material, so Eq. (6) holds; for a different perspective on
the additional factor of two, note that if both target loci
were the same size, the first misrejoining DSB would
have twice the available target size as the second misre-
joining DSB.
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Fig. 4 CML incidence rates for all ages and exponential curve fits
(Table 2) for ages ≥20 years, men = * and solid line, women 
= ° and dotted line. For those aged less than 20 years, the CML in-
cidence rates lie mainly below the values predicted from the adult
model fit

Table 2 Poisson regression parameter estimates for the CML inci-
dence rate model of Eq. (4)

Parameter Point estimate 95% Confidence interval

Am 0.126 (0.113, 0.141)
km 0.057 (0.0554, 0.059)
Af 0.098 (0.086, 0.111)
kf 0.053 (0.051, 0.0548)

Table 3 Unconstrained quasi-likelihood parameter estimates for
the translocation model of Eq. (5)

Parameter Point estimate 95% Confidence interval

αm 0.161 (0.06, 0.42)
κm 0.042 (0.025, 0.059)
αf 0.169 (0.05, 0.55)
κf 0.041 (0.021, 0.061)

Table 4 Constrained quasi-likelihood parameter estimates for the
translocation model of Eq. (5)

Parameter Point estimate 95% Confidence interval

αm 0.07 (0.05, 0.09)
κm 0.057 Fixed
αf 0.09 (0.06, 0.12)
κf 0.053 Fixed

Fig. 5 The constrained quasi-likelihood fit of Eq. (5) (Table 4) to
the translocation data, men = * and solid line, women = ° and dot-
ted line

P bat
T TBCR ABL( ) = ≈ × −

Γ 2
101 7 10. .



If derivatives with respect to age of Eq. (5) are multi-
plied by P(ba|t)N and the results equated to the SEER
CML incidence rates fit by Eq. (4), estimates of Nm and
Nf can be found as

(7)

(8)

and

(9)

Substituting the point estimates of α from Table 4 and A
and k from Table 2, the CML target stem cell population
sizes are estimated to be Nm=1.86×108 for men and
Nf=1.21×108 for women. To obtain approximate 95%
confidence intervals for these estimates, we note that up-
per bounds on N arise when A is at its upper bound and k
is at its lower bound, while lower bounds on N arise for
exactly the opposite conditions: a correlation coefficient
of –0.96 between these parameters allows us to assume
that when A is at its upper bound, the corresponding k
will be at its lower bound, and vice-versa. Thus, by re-
computing confidence limits on α using the upper and
lower limits of k, and then using the bound on α that
maximizes our uncertainty in N, we obtained 95% confi-
dence intervals of (1.34×108, 2.50×108) for Nm and
(0.84×108, 1.83×108) for Nf. Through Monte Carlo simu-
lations that assume multivariate normal parameter distri-
butions, these confidence intervals can be made even
narrower (not shown). However, uncertainty in the mod-
eling assumptions is comparatively large, so the intervals
should actually be broader. For example, modeling the
probability density of the time between BCR-ABL for-
mation and CML as

(10)

a fit to the CML data in Fig. 2 of [12] gave kt=0.377 y–1

with a 95% confidence interval of (0.142 y–1, 1.001 y–1).
Simulations in which the CML incidence is lagged by
w(t) indicate that the effect of modeling w(t) would be to
increase the stem cell estimates by a factor between 1.2
and 2.7. It is reasonable to expect that if the other model-
ing assumptions were stated in less certain forms, analo-
gous to the use of w(t), the confidence intervals for N
would broaden even further.

Discussion

Estimation of N is important because of the role it plays
in models of carcinogenesis. For example, a reasonable
dose-response model for the excess risk of radiation-
induced CML is

P(cml|D)=NP(ba|t)(αD+βD2)e-(αkD+βkD2) (11)

where αD+βD2 is the expected number of translocations
per target stem cell, αkD+βkD2 is the expected number of

lethal DSB misrejoinings per target stem cell, and D is
the radiation dose in Gy. Equation (11) thus states that
the probability of CML induction resulting from a dose
of ionizing radiation D equals N times the probability
that a target cell incurs a BCR-ABL misrejoining, multi-
plied by the probability that the cell has zero lethal hits.
Because N is estimated in this paper using data indepen-
dent of the A-bomb survivor data, it represents informa-
tion which, in a Bayesian approach to parameter estima-
tion, can potentially be brought to bear on low-dose risk
estimation.

Our estimates of the CML target stem cell population
sizes, Nm=1.86×108 in adult men and Nf=1.21×108 in
adult women, are consistent with estimates in the range
of 5×107 to 3×108 obtained through a comparison of the
CML dose-response among A-bomb survivors and the
dose-response of radiation-induced chromosomal trans-
locations measured in vitro [Radivoyevitch et al., manu-
script submitted]. They are also consistent with an esti-
mate given by Mielcarek et al. [16] (p 230) of approxi-
mately 108 stem cells, but somewhat less consistent with
the subsequent discussion panel’s estimate of 107 stem
cells (p 234; same paper). The characteristic features of
the CML target cell population are its absolute size and
the male:female ratio. Whether these features correlate
with the hematopoietic stem cell populations defined by
other criteria remains to be explored.

Our approach should be applicable to other leukemias
mediated by single, specific translocations. To test this,
534 cases of acute promyelocytic leukemia were extract-
ed from the SEER database to create Fig. 6. This plot is
consistent with an exponentially increasing incidence for
adults, just as was seen for CML in Fig. 4. However,
when fitting Eq. (4) to the APL data (for support of As-
sumption 3, see [17, 18]), aging rate constants signifi-
cantly lower than for CML arise (compare Tables 2 and
5). We have no explanation for this quantitative discrep-
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Fig. 6 Acute promyelocytic leukemia (APL) incidence rates for
all ages and exponential curve fits (Table5) for ages ≥20 years,
men = * and solid line, women = ° and dotted line

.



ancy with our model. If we ignore it on the grounds that
the APL aging constants are not completely inconsistent
with the translocation data, we can proceed to apply Eqs.
(8) and (9) with translocation target sizes TPML=7 kbp
and TRARA=3.5 kbp inferred from Fig. 1 of Tashiro et al.
[19]. The resulting APL target cell population size esti-
mates are then 1.8×109 for men and 1.6×109 for women,
with respective 95% confidence intervals of (1.1×109,
3.4×109) and (0.85×109, 3.77×109). Since the APL target
pool is likely to be more differentiated than the CML tar-
get pool, a 10-fold expansion in the target cell population
size between CML and APL seems very reasonable. Fur-
thermore, since the female:male ratio Nf /Nm rises from
0.65 in CML to 0.89 in APL, our model predicts that
sexual differences in blood cell population sizes become
less drastic as cells become more differentiated; in view
of complete blood cell count reference ranges for male
and female adults, this also seems reasonable. Though
these findings appear self-consistent, they remain tenta-
tive because the differences in CML and APL aging rate
constants have yet to be explained.

Note added in proof

Chromosomal translocations were not measured in sub-
jects previously treated for cancer (see Materials and
methods). Thus, to relate the translocation data to the
SEER data, were should restrict CML cases to primary
cancers, and we should restrict person-years to individu-
als with no history of cancer. These restrictions were ap-
plied (non-trivially) to the 1992–1996 SEER database
(release April 1999). Using the ICD-O code 9863 to
identify 1974 cases of CML, rather than the ICD-9 code
205.1 which also includes chronic myelomonocytic leu-
kemia, male and female CML incidence rates among
adults were separately fitted to the exponential age struc-
tures of Eq. (4). The results, km=0.04241 and kf =0.04244
(compare with Table 2), are in exact agreement with the
translocation aging rate constants of Table 3. Interesting-
ly, the parameter correlations are such that these substan-
tive changes in the ageing rate constants lead to only
negligible perturbations in stem-cell number estimates.

Acknowledgements We thank W.F. Heidenreich for a discussion.
This publication is supported in part by funds from the US Depart-
ment of Energy cooperative agreement DE-FC02-98CH10902,
and by DOE grant number DE-FG02-99ER62728. This work was
performed in part under the auspices of the US DOE by the Law-
rence Livermore National Laboratory under contract no. W-7405-
ENG-48.

References

1. Moolgavkar SH, Knudson AG (1981) Mutation and cancer: a
model of human carcinogenesis. J Natl Cancer Inst 66: 1037–
1052

2. Surveillance, epidemiology, and end results (SEER) program
public-use CD-ROM (1973–1995). National Cancer Institute,
DCPC, Surveillance Program, Cancer Statistics Branch, re-
leased April 1998, based on the August 1997 submission. See
http://www-seer.ims.nci.nih.gov

3. Ramsey MJ, Moore DH, Briner JF, Lee DA, Olsen LA, Senft
JR, Tucker JD (1995) The effects of age and lifestyle factors
on the accumulation of cytogenetic damage as measured by
chromosome painting. Mutat Res 338: 95–106

4. Wedderburn RWM (1974) Quasi-likelihood functions, gener-
alized linear models, and the Gauss-Newton method. Biome-
trika 61: 439–447

5. McCullagh P, Nelder JA (1989) Generalized linear models.
Chapman and Hall, New York

6. Lenoux BG, Krewski D (1993) AMESFIT: a microcomputer
program for fitting linear-exponential dose-response models in
the Ames Salmonella assay. Environ Mol Mutagen 22: 78–84

7. Johnson KL, Brenner DJ, Nath J, Tucker JD, Geard CR (1999)
Radiation-induced breakpoints in human chromosomes: ran-
dom or non-random? Int J Radiat Biol 75: 131–141

8. Daley GQ, Van Etten RA, Baltimore D (1990) Induction of
chronic myelogenous leukemia in mice by the P210bcr/abl gene
of the Philadelphia chromosome. Science 247: 824–830

9. Heisterkamp N, Jenster G, Hoeve J ten, Zovich D, Pattengale
PK, Groffen J (1990) Acute leukemia in bcr/abl transgenic
mice. Nature 340: 251–253

10. Voncken JW, Kaartinen V, Pattengale PK, Germeraad WTV,
Groffen J, Heisterkamp N (1995) BCR/ABL P210 and P190
cause distinct leukemia in transgenic mice. Blood 86: 4603–
4611

11. Biernaux C, Sels A, Heuz G, Stryckmans P (1996) Very low
level of major bcr-abl expression in blood of some healthy in-
dividuals. Bone Marrow Transplant 17 [Suppl 3]: S45–S47

12. Inskip PD, Kleinerman RA, Stoval M, Cookfair DL, Hadjimi-
chael O, Moloney WC, Monson RR, Thompson WD, Wactaw-
ski-Wende J, Wagoner JK, Boice JD Jr (1993) Leukemia, lym-
phoma, and multiple myeloma after pelvic radiotherapy for
benign disease. Radiat Res 135: 108–124

13. Preston DL, Lubin JH, Pierce DA, McConney M (1991) EPI-
CURE. Generalized regression models for epidemiological da-
ta. Software from Hirosoft International Corporation, Seattle

14. Melo JV (1996) The diversity of BCR-ABL fusion proteins
and their relationship to leukemia phenotype. Blood 88: 2375–
2384

15. Morton NE (1991) Parameters of the human genome. Proc
Natl Acad Sci USA 88: 7474–7476

16. Mielcarek M, Reems J, Torok-Stork B (1997) Extrinsic control
of stem cell fate: practical considerations. Stem Cells 15
[Suppl 1]: 229–236

17. Brown D, Kogan S, Lagasse E, Weissman I, Alcalay M, Pel-
icci PG, Atwater S, Bishop JM (1997) A PML/RARα trans-
gene initiates murine acute promyelocytic leukemia. Proc Natl
Acad Sci USA 94: 2251–2556

18. He LZ, Triboli C, Rivi R, Peruzzi D, Pelicci PG, Soares GC V,
Pandolfi PP (1997) Acute leukemia with promyelocytic fea-
tures in PML/RARα transgenic mice. Proc Natl Acad Sci
USA 94: 5302–5307

19. Tashiro S, Tanaka K, Asou H, Kyo T, Dohy H, Suzuki K,
Kamada N (1993) Detection of PML/retinoic acid receptor α
gene rearrangements by polymerase chain reaction using ge-
nomic DNA in patients with acute promyelocytic leukemia.
Jpn J Cancer Res 84: 110–113

206

Table 5 Poisson regression parameter estimates for the APL inci-
dence rates using Eq. (5)

Parameter Point estimate 95% Confidence interval

Am 0.042 (0.029, 0.061)
km 0.026 (0.019, 0.033)
Af 0.041 (0.028, 0.061)
kf 0.020 (0.013, 0.028)


